A p-benzenedithiolate ͑BDT͒ molecule covalently bonded between two gold electrodes has become one of the model systems utilized for investigating molecular transport junctions. The plethora of papers published on the BDT system has led to varying conclusions with respect to both the mechanism and the magnitude of transport. Conductance variations have been attributed to difficulty in calculating charge transfer to the molecule, inability to locate the Fermi energy accurately, geometric dispersion, and stochastic switching. Here we compare results obtained using two transport codes, TRANSIESTA-C and HÜCKEL-IV, to show that upon Au-S bond lengthening, the calculated low bias conductance initially increases by up to a factor of 30. This increase in highest occupied molecular orbital ͑HOMO͒ mediated conductance is attributed to charging of the terminal sulfur atom and a corresponding decrease in the energy gap between the Fermi level and the HOMO. Addition of a single Au atom to each terminal of the extended BDT molecule is shown to add four molecular states near the Fermi energy, which may explain the varying results reported in the literature.
I. INTRODUCTION
One goal of molecular electronics is to understand, control, and utilize charge transport through single molecules. Creating, measuring, and calculating electron transport through metal-molecule-metal junctions has become a focus in the field. The distributions characterizing experimentally measured conductances are attributed to the difficulty of making and controlling single molecule wires. Verifying that single molecule junctions are formed relies primarily on indirect analysis of current with respect to time and current with respect to voltage, inelastic electron tunneling spectroscopy, and theoretical comparison.
Reported measurements on single molecule junctions have focused on break junctions, 1, 2 self-assembled monolayers, [2] [3] [4] and scanning probe microscope techniques. [5] [6] [7] The metal-molecule-metal junctions studied here are also analogous to structures that have been shown to give surface-enhanced Raman scattering ͑SERS͒, 8 which may prove to be a direct method of characterizing single molecule junctions. The method of electrochemical and ultrahigh vacuum ͑UHV͒ scanning probe initiated break junctions is important because a large number of junctions can be quickly formed, creating a statistical pool of information. [5] [6] [7] [9] [10] [11] Calculations of molecular conduction must address the complexity of molecular motion and contact rearrangement under bias. A recent paper illustrates how different molecular orientations can change the calculated conductance up to 10 3 . 12 Small changes made in the orientation or arrangement of the contact atoms can also lead to conductance variation between a few percent and an order of magnitude. [12] [13] [14] [15] Complexity is further increased due to multiple molecules in close proximity 16 and environmental effects such as solvation and gate modulation. 17 Calculations on transport properties in the coherent low bias regime have focused on the Landauer/Imry scheme of elastic scattering probability using nonequilibrium Green's functions ͑NEGF͒.
18 Calculating current is possible after self-consistently solving the NEGF and the electrostatic potential to get the electronic density matrix. [18] [19] [20] These methods have been implemented in many codes including two used here, HÜCKEL-IV, 21 which utilizes an extended Hückel model Hamiltonian, and TRANSIESTA-C, 22, 23 which calculates the electronic structure using the first principles density functional theory ͑DFT͒.
The molecule p-benzenedithiolate ͑BDT͒ is studied here to simplify comparison with previous experimental and theoretical results. BDT has been extensively used to test quantum transport because the conjugated ring should offer delocalized electronic states beneficial to transport, the sulfur atoms form strong coordination bonds to the gold electrodes, and both experimental and theoretical data are available for comparison. 6 Modeling of the BDT junction has suggested a range of behaviors including both highest occupied molecular orbital 24 ͑HOMO͒ and lowest unoccupied molecular orbital 14 ͑LUMO͒ mediated conduction, as well as large effects of geometry and contact orientation on the calculated current-voltage ͑I-V͒ characteristics. 14, 15, [24] [25] [26] [27] [28] [29] [30] [31] [32] In this study, we focus on clarifying the role of the contact coupling in relation to the molecular conduction at low bias voltages. To obtain a qualitative understanding of the junction properties, we compare results from the state-of-theart NEGF-DFT TRANSIESTA-C program to results obtained with the simplified Hückel NEGF method. 21 Two groups of researchers have noted an increase in conductance with in-creasing gold sulfur distance. 13, 14 Here, we repeat this calculation in both computational codes and assign this effect to a shifting of the HOMO towards the Fermi level, as well as to charging of the terminal sulfur atom. An additional Au atom on the Au͑111͒ electrode introduces molecular states near the Fermi level, possibly leading to large changes in transmission function near the Fermi energy. These results are pertinent to single molecule conductance measurements in which the geometry of the metal-molecule-metal junction is both uncontrollable and unknown at the single atom level.
II. COMPUTATIONAL METHODS
Our calculations have been based on codes utilizing the NEGF approach. For comparison we utilized the HÜCKEL-IV code, freely available online at Nanohub.org. 33 This code uses extended Hückel theory orbitals to calculate the energies of the isolated system with a three atom Au pad. The energy level shift is then included through charging in a selfconsistent field approach. 19, [34] [35] [36] We used an optimized molecular geometry that was first relaxed in a planar orientation using B3LYP with an effective core potential using the GAMESS package. 37 HÜCKEL-IV aims to calculate the qualitative transport behavior of molecular junctions, but is limited in its quantitative capabilities due to the simplicity of the molecular orbital treatment. Two adjustable variables that are utilized as fitting parameters are the Fermi level and U, the electron charging energy. The Fermi energy level for the BDT molecule is very sensitive to fractional charge transfer; in our system ͑in accordance with previously published results 24 and our own TRANSIESTA-C calculations͒ we have located the Fermi level within the HOMO-LUMO gap closer to the HOMO. The Fermi level is held fixed throughout the HÜCKEL calculations.
The electron charging energy describes the net energy change due to the addition or subtraction of an electron from the molecule in the gap. This charging generates a potential field that can shift and broaden the Hückel molecular orbital conductance peaks. This Coulomb charging energy can be estimated as one-half the electron affinity ͑EA͒ minus the ionization potential ͑IP͒ minus the measured vertical optical transition energy ͑Eg͒, 35, 38 
The charging energy of a similar conjugated molecule has been estimated by calculating the energy level change using a Pariser-Parr-Pople Hamiltonian and assuming even electron distribution across the molecule. 39 The charging energy is included as a constant electrostatic potential across the molecule that rigidly shifts all the energy levels,
U is the charging energy and dn is the change in the number of electrons from the charge neutral level 41 with E N 0 and E N representing the molecular orbital energy levels before and after charge transfer. When the molecular levels near the E F are split by U in an amount greater than the electrode induced broadening, the molecule is in the Coulomb blockade regime. In this regime transport is dominated by single electron charging effects. The molecule BDT studied here has been estimated to have a charging energy on the order of 1-2 eV. 21 The TRANSIESTA-C code calculates the electronic density matrix using DFT. 22, 23 We utilized the local density approximation exchange correlation functional parameterized by Perdew and Zunger with a single zeta plus polarization ͑SZP͒ basis ͑5d ,6s ,6p͒ for the gold atoms and a double zeta ͑DZ͒ basis set on the molecules. The mesh cutoff was set at 150 Ry. The electrodes were the standard default gold fcc electrodes with 36 gold atoms on one electrode and 45 on the other. Within this methodology only the structure of the molecule and the electrodes needs to be set for the transmission and current to be calculated.
In all of our calculations the dithiol is used without a bound hydrogen, becoming a diradical in the singlet state as described in detail elsewhere. 31 In neither of the studied codes was the molecular geometry allowed to relax upon bonding to the electrodes or under field. All bond lengthening was done perpendicular to the electrodes in a symmetrical manner unless noted.
III. COMPUTATIONAL RESULTS

A. Au wire
As a first order comparison the conductance of a Au wire was computed using the HÜCKEL and TRANSIESTA-C codes. In the HÜCKEL code a five atom Au wire was placed between the three Au atom pads in the threefold symmetric site. In the TRANSIESTA-C 1.3 package the five atom Au wire was placed between two Au electrodes of 36 and 45 atoms, respectively. The expected conductance through a Au wire would be G 0 ͑2e 2 / h͒, corresponding to ballistic conductance through a single quantized channel. In TRANSIESTA-C the location of the wire was varied among the four binding sites: fcc, hcp, atop, and the bridge site, as shown in Fig. 1͑a͒ . The conductance values calculated for these four coordination sites and the threefold HÜCKEL calculation are compared with varying Au-Au spacing in Fig. 1͑b͒ . The Au-Au atom spacing was varied between 2.35 and 2.88 Å ͓shown in Fig. 1͑b͔͒ in the five atom wire and also between the wire and the contact atoms, with the electrodes held fixed. All calculations gave a conductance between 0.5G 0 and 1G 0 at 1 V. Within TRANSIESTA-C the atop site consistently showed the highest conductance values with the fcc site ϳ0 % -5% lower, the bridge site ϳ8% lower, and the hcp site 15% lower. The images taken of a single atom Au wire under bias illustrate these fluctuations. 42 Histograms of current versus time for breaking Au contacts at room temperature show peaks at specific current values, attributed to quantized conductance. In a statistical ensemble of measurements the current value attributed to a single Au atom wire shows variations with a full width at half maximum in the range of 10%-27%. 43, 44 Calculations made by moving a bound BDT molecule between the fcp, hcp, and atop sites showed a conductance change of 1.5.
12 In Au-thiol systems these subtle variations in contact geometry 45 could lead to a large distribution of conductance values even if the molecular geometry were held completely rigid if differing symmetry situations are encountered.
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B. BDT transmission in HÜCKEL-IV
The uncertainty in orientation of molecules in selfassembled monolayers, 45 compounded with the uncertainty in the geometry of single molecule junctions and the distributions of conductance values measured between different sites 5 and measured at the same location with respect to time, 46 makes understanding of the effects of contact coupling critical to understanding the transport mechanism. Using the HÜCKEL-IV model we systematically lengthened the Au-S bond while keeping the molecular geometry and the electrode geometry fixed. The sulfur atom is coupled to the electrode in the threefold hollow fcc site. This simplified Hückel model uses a three atom Au electrode to represent the S-Au bonding. At low negative bias voltage the Hückel model shows an increase in low bias conductance with increasing Au-S bond length. Figure 2͑a͒ shows the I / V results with increasing Au-S distance. This behavior of increasing low bias conductance arises from the shift of the HOMO towards resonance with the Fermi level. This behavior is seen in both the cases of lengthening one contact and with lengthening both contacts. In the asymmetric case, positive bias shifts the HOMO level away from the Fermi level, effectively postponing current onset. 40 Figure 2͑b͒ provides an example of current versus distance for pulling apart this system at a fixed bias of −0.2 V in HÜCKEL-IV and TRANSIESTA-C, showing similar results. From the initial bond length of 2.33 Å the conductance rises to a peak between 3 and 3.75 Å distance and does not fall below the equilibrium conductance until a bond length of over 4 Å. A similar result was found with a Au electrode that included a single Au atom sitting on the surface bound to the BDT terminal sulfur.
For more detailed information on the NEGF method we refer the reader to Refs. 19, 20, and 34 Maximizing Green's function matrix elements maximizes the conductance. In the simplest picture, Green's function represents the orbital overlap across the molecule divided by the energy distance of the Fermi level from a molecular resonance. 47 In the following equation our simplified representation assumes that the central molecule and the contacts share the commutative property, ͓⌺ , H molecule ͔ =0:
In this case the conductance G͑E͒ is equal to the overlap of the molecular orbitals and the terminal atomic orbitals on the left and right electrodes ͑ L and R ͒ divided by the energy difference between E and a molecular resonance E and the self-energy ⌺ . The conductance maximum with increasing distance is not due to overlap. To verify that the molecular orbital overlap decrease with increasing Au-S bond length, the orbital overlap matrix elements of the sulfur ͑3p x , 3p y , and 3s͒ with the electrode gold ͑6s͒ were analyzed within the Hückel description. These results show an exponential decay in overlap with increasing Au-S distances, Fig. 2͑c͒ . With the Fermi level set between the HOMO and LUMO, the increasing bond distance has the effect of decreasing the distance of the Fermi level from the HOMO molecular resonance. Neither the molecular orbital overlap change nor the slight changes seen in the transmission graphs explain the calculated rise in conductance. This nonintuitive result can be explained by plotting the number of electrons on the molecule while changing the energy ͓Fig. 2͑e͔͒. As shown in the plot, the number of electrons on the molecule increases as the bond lengths are stretched. At the decoupled limit, with the sulfur electrode distance at 5.0 Å, there are 42 valence electrons in the now −2 benzene disulfide ion. In this limit, the conductance is dominated by single electron charging effects as described in the Coulomb blockade model. In the Coulomb blockade regime, the delocalized Au wave functions cannot fractionally change the charge on the center molecule. In the HÜCKEL calculation used here the increase in population on the BDT molecule is used with the electron charging energy parameter to shift the potential across the molecule.
Within HUCKEL IV, this charging parameter is responsible for how much the molecule is allowed to follow the chemical potential. When the applied voltage shifts one of the electrode levels into resonance with a molecular energy level, the charging parameter U shifts the molecular level, correspond- 
FIG. 2. ͑a͒
The current with increasing Au-S bond length as calculated in Hückel IV. ͑b͒ At a set voltage of −0.2 V symmetric lengthening of both Au-S bonds and asymmetric bond lengthening of only one Au-S bond are shown to increase the current in both HÜCKEL IV and TRANSIESTA-C. ͑c͒ Valence orbital overlap between the terminal S atom and the Au electrode. ͑d͒ The Hückel transmission spectrum shows a slight shift of the HOMO to higher energies with increasing Au-S length as well as a slight shift towards the Fermi energy level set at −11 eV. ͑e͒ A calculation of the number of electrons with changing energy indicates a charge transfer to the molecule with increasing bond length, going to the limit of forming the negatively charged benzene disulfide at large distance.
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ing to the change in electron population. For symmetric Au-S bonds the net effect of the charging parameter is a shift towards resonance and a symmetric broadening of the spectral density ͑effectively an orbital lifetime broadening͒. In the asymmetric bond lengthening case the broadening is increased with positive applied bias ͓Fig. 2͑a͔͒. This asymmetric broadening occurs when the strongly coupled substrate potential shifts below the HOMO level. This decreases the HOMO population faster than the positive electrode can increase it, which further shifts the molecular resonance to lower energy.
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C. TRANSIESTA-C, charge transfer, and molecular orbital analysis of the Au-BDT-Au junction
The DFT-based NEGF program TRANSIESTA-C was also used to calculate the conductance dependence on the Au-S bond length. The TRANSIESTA-C calculations show strikingly similar behavior to the HÜCKEL-IV model, with a rise in conductance of three-to fivefold upon initial increase of the gold-sulfur bond distance, similar to what has been reported elsewhere. 13, 14, 24 A strong dependence in the I / V characteristics has been attributed to charge transfer to the molecule   FIG. 3 . Transmission coefficients calculated using NEGF-DFT for BDT in the threefold fcc site with increasing Au-S bond distance: ͓͑a͒-͑c͔͒ both Au-S bond lengths are increased; ͑d͒ only one Au-S bond length is increased while the other Au-S bond length is kept at 2.33 Å. upon binding to the electrodes. 21, 36 The conductance is very sensitive to small fractional charge transfer because the molecular orbital energies within the junction shift with respect to the electrode Fermi level. 21 Table I includes the valence Mulliken populations found on the end sulfur group as this Au-S bond is manipulated. In the situation with both thiol bonds symmetrically stretched to 2.76 Å, the S population changes from 5.927 to 6.037 for both atoms.
Comparing Fig. 3͑a͒ to the symmetric case ͓Fig. 3͑b͔͒ and the asymmetric case ͓Fig. 3͑d͔͒ we can see a shift in the peak of the HOMO towards the Fermi energy level. To verify that the HOMO is shifting into resonance, Fig. 4 shows the molecular projected self-consistent Hamiltonian 23 ͑MPSH͒ orbitals of the center atoms. Figures 4͑a͒ and 4͑c͒ show that the HOMO, which dominates low bias transmission, is unchanged in general electron density upon bond lengthening. The energy level, with respect to the Fermi level, shifts from −1.42 to 0.05 eV concurrently with an associated 0.15 electron transfer to the terminal sulfur atom.
The situation with the sulfur bound atomically to a single Au atom protruding from the surface has been postulated 6 as the most likely geometry of the transport junctions experimentally prepared. Past calculations have reported both an increase and decrease in conductance with an additional Au atom on the surface. 13, 14 The increase in conductance has been attributed to being analogous to the lengthening of the Au-S bond and a shifting of the HOMO level into resonance. [13] [14] [15] Our results differ from those published in that the surface Au atom adds additional molecular orbitals near the Fermi level. We notice little change in the value of low bias conductance measured as ϳ0.2G 0 but this is very sensitive to the alignment of the Fermi level and a small change in the electron density on the molecule could have a large effect here. This can be deduced by comparing the transmission functions in Figs. 3͑a͒ and 5͑a͒ and noting the Au induced gap states. All of the MPSH orbitals near the Fermi level are plotted in Fig. 6 . In comparison with the situation with a sulfur atom in the threefold fcc site, the HOMO and LUMO levels are still seen at similar energy values. With the additional Au atom, four orbitals are seen within 1 eV of the Fermi level within the HOMO-LUMO gap. These Au-induced molecular orbitals make this calculation particularly sensitive to charging and the Fermi energy location, and may help explain the distribution of reported behaviors. 13, 14 Similar to the fcc bonded sulfur atom situation, the conductance increases with increasing Au-S bond distance along with a charging of the terminal S atom, and in this case, a slight decrease in the charge on the single Au atom. As the Au-S distance increases, the energy levels of 
IV. DISCUSSION
Most electrochemical molecular transport junctions show large conductance variations between samples and over time. [5] [6] [7] 48 The uncertainty in molecular structure, contact atom arrangement, and thiol coordination in experimental junctions can lead to "stochastic switching," and can make modeling molecular transport difficult. 49 In these calculations we examine the effects on conductance of stretching the Au-S bond. It is shown that charge transfer to the terminal S atom shifts the HOMO nearer the Fermi energy. The molecular orbitals close to the Fermi level are examined to visualize the changes seen on bond stretching. Our calculations with an additional Au atom show the introduction of molecular states within the HOMO-LUMO gap. The sensitivity of the conductance with respect to the location of these introduced states helps explain the large variations seen in previous work. In our case, the conductance near zero voltage bias for the added atom structure was nearly identical to the structure with the sulfur atom in the threefold fcc site.
The counterintuitive rise in conductance with increasing Au-S bond length has been reported previously.
13,14 ͑Our neglecting to mention that the voltage dependence of the vacuum barrier could lead to increased conductance through Fowler-Nordheim tunneling has been commented on. This is an important issue to address when dealing with extended molecular structures where one might expect fluctuations in the energy levels. In the system studied here consisting of a geometrically fixed benzene ring these contributions are assumed to be negligible.͒ The HÜCKEL calculations are helpful in pointing out the extreme sensitivity of the conduction to FIG. 5 . Transmission coefficients from NEGF-DFT upon symmetric breaking of the Au-S bond for the model system with a surface Au atom at each electrode. Au-S bond lengths are ͑a͒ 2.37 Å, ͑b͒ 3.04 Å, ͑c͒ 3.83 Å, and an asymmetric stretch of one Au-S bond to ͑d͒ 3.66 Å. Mulliken populations are given for the S and nearest Au atoms.
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Charging and geometric effects on conductance J. Chem. Phys. 125, 174718 ͑2006͒ the electron charging energy. In effect, the molecular states within the junction need to be able to shift with respect to the applied bias. This will be handled using DFT methods so long as the molecule can be accurately represented in the self-consistent field ͑SCF͒ regime. The Coulomb blockade regime and the strong electrode/molecule coupling regime are well defined; in the intermediate range, new methods may be required to calculate transport accurately. 33 Both experiments and calculations have shown that geometrically very well defined molecular junctions are necessary for reproducibility. A method for characterizing the junction on the single molecule level is necessary to shed light on the complexity of single molecule junctions. Single molecule spectroscopy under current flow, whether fluorescence, inelastic electron scattering, infrared absorption, or surface-enhanced Raman scattering, will help deconvolute the geometry variations and greatly advance the understanding of molecular transport junctions.
